Anatomical deficits and resting-state functional connectivity (FC) alterations in prefrontal-thalamic-cerebellar circuit have been implicated in the neurobiology of schizophrenia. However, the effect of structural deficits in schizophrenia on causal connectivity of this circuit remains unclear. This study was conducted to examine the causal connectivity biased by structural deficits in first-episode, drug-naive schizophrenia patients. Structural and restingstate functional magnetic resonance imaging (fMRI) data were obtained from 49 first-episode, drug-naive schizophrenia patients and 50 healthy controls. Data were analyzed by voxel-based morphometry and Granger causality analysis. The causal connectivity of the integrated prefrontalthalamic (limbic)-cerebellar (sensorimotor) circuit was partly affected by structural deficits in first-episode, drugnaive schizophrenia as follows: (1) 
Introduction
Dysconnectivity hypotheses postulate that schizophrenia is a disorder with abnormal neuronal connectivity, [1] [2] [3] [4] including abnormal functional interactions of the prefrontal-thalamic-cerebellar circuit. [5] [6] [7] [8] Anatomically, this circuit is organized to link into parallel pathways. 9, 10 For instance, the prefrontal cortex (PFC) is connected to the anterior and dorsomedial thalamus, whereas sensorimotor gyri are linked to the ventral lateral thalamus. 9 The cerebellum is connected to the cerebrum through the middle and superior cerebellar peduncles.
Neuroimaging studies have provided broad support for the abnormalities of the prefrontal-thalamic-cerebellar circuit in schizophrenia. 8, [11] [12] [13] [14] [15] [16] Eg, Rusch et al 17 observed volumetric reductions of this circuit in patients, including brain regions such as the dorsal PFC, anterior cingulate cortex (ACC), thalamus, right parahippocampal gyrus, and cerebellum. A recent meta-review provided preliminary evidence of gray matter abnormalities in this circuit, including ACC, frontal and temporal gyri, hippocampus, amygdala, thalamus, and insula. 18 Diffusion tensor imaging studies have indicated significant decreases in the fractional anisotropy (FA) of this circuit in patients, such as decreased FA in the superior longitudinal fasciculus, fornix, internal capsule, and external capsule.
An extensive collection of functional deficits has also been revealed by resting-state fMRI, including functional deficits in prefrontal, temporal, and parietal cortices in schizophrenia patients. [22] [23] [24] [25] [26] Using resting-state fMRI, Woodward et al 7 revealed decreased prefrontal-thalamic connectivity and increased sensorimotor-thalamic connectivity in a group of chronic schizophrenia patients. They indicated that the prefrontal-thalamic-cerebellar circuit is differentially affected in schizophrenia. A recent study also reported the thalamic-cerebellar disconnection in schizophrenia. 8 Although previous studies have provided valuable findings on the dysconnectivity of the prefrontal-thalamiccerebellar circuit in schizophrenia, 2 issues should be considered when interpreting these findings. First, most previous studies have recruited chronic and medicated patients, which may introduce numerous confounding factors because of medication and long illness duration. Schizophrenia is a progressive mental disorder, 27, 28 and the duration of untreated psychosis (DUP) may have a neurotoxic effect on the gray matter. 29, 30 Eg, prolonged DUP is reported to be related to reduced gray matter volume (GMV) in the right superior temporal gyrus (STG) 31 and caudate nucleus. 32 Exposure to antipsychotic drugs can also significantly confound the findings of both anatomical and functional neuroimaging studies. 33, 34 Hence, first-episode, drug-naive schizophrenia should be selected as a starting point for neuroimaging studies to avoid possible confounding factors such as long illness duration and medication use, and to provide the naive topological information to the neurobiology of schizophrenia. The second issue refers to the direction of abnormal information flow of the prefrontal-thalamic-cerebellar circuit, which remains unknown in schizophrenia based on previous FC methods.
In the present study, a relatively large sample of firstepisode, drug-naive schizophrenia patients were examined to thoroughly specify aberrant functional interrelations of the prefrontal-thalamic-cerebellar circuit by estimating anomalous structural deficits. First, the voxel-based morphometry (VBM) method was used to investigate the whole-brain gray matter differences in patients; the brain regions with reduced GMV were selected as seeds. Granger causality analysis (GCA) was then used to detect abnormal causal connectivity between the seeds and other brain regions. GCA is based on the F test for residual in multi-regression analyses. 35, 36 Given that the F value is always positive, the classical GCA method can only identify the positive effects between brain regions. However, both positive and negative causal effects are essential to maintain normal brain function. To overcome this limitation, a signed regression coefficient β of coefficientbased GCA was used to assess the Granger effect. [37] [38] [39] [40] A positive β may represent excitatory effect or positive feedback, whereas a negative β may represent inhibitory effect or negative feedback. 37, 40 This study aims to determine the naive alterations of the causal connectivity between the seeds and other brain regions by recruiting a group of first-episode, drug-naive schizophrenia patients. We hypothesized that the causal relations with the seeds are reduced in schizophrenia patients because of structural deficits according to the general notion that FC is reduced overall in schizophrenia (eg, see reference 41 ), particularly in the prefrontal-thalamic-cerebellar circuit (see figure 1a) . We further examined whether or not decreased GMV of the seeds and/or abnormal causal connectivity are correlated to clinical variables, such as DUP and symptom severity.
Materials and Methods

Participants
The participants included 50 right-handed healthy controls and 49 right-handed schizophrenia patients. 
Abnormal Causal Connectivity in Schizophrenia
Schizophrenia was diagnosed through the consensus of 2 experienced clinical psychiatrists using the Structural Clinical Interview for DSM-IV (SCID), patient version. 42 Symptom severity was rated by Positive and Negative Symptom Scale (PANSS) at scan time. The patients were at their first episode and were drug naive. The DUP for the patients was less than 3 years. The exclusion criteria were as follows: neurological disorders, severe medical disorders, substance abuse, or any contraindications for MRI. Healthy controls with a first-degree relative who has any psychiatric disorder were also excluded. All participants had more than 9 years of education level and aged from 16 to 30 years.
The local ethics committee of the First Affiliated Hospital of Guangxi Medical University approved the study. Written informed consent was obtained from each participant.
MRI Acquisition
Scanning was conducted on a Siemens 3T scanner. Participants were required to keep still with their eyes closed and remain awake. Each participant received highresolution T1-weighted volumetric 3D images using a spoiled gradient recall sequence (repetition time = 8. 
Anatomical Data Analyses
Each scan was visually inspected for artifacts. The anatomical scans were processed using the VBM toolbox (VBM8, http://dbm.neuro.uni-jena.de/vbm) of the Statistical Parametric Mapping software package (SPM8, http://www.fil.ion.ucl.ac.uk/spm). First, anatomical scans were registered to the same template by assessing the 12-parameter affine transformation. The scans were then segmented for signal intensity and prior probability information. Segmented scans were spatially normalized and resampled to 1.5 × 1.5 × 1.5 mm 3 . Intensity modulation was performed on optimally normalized segmented gray matter images by increasing or reducing voxel intensity, depending on whether or not the surrounding voxels compressed or expanded after normalization. Finally, the obtained gray matter scans were smoothed with an 8 mm full-width at half-maximum (FWHM) Gaussian kernel.
Two-sample t tests were applied to compare the differences of anatomical data between groups. Age and sex ratios were used as covariates in the analyses to minimize the potential effect of these factors, although both variables showed no significant difference between groups. A corrected significance level of P < .005 was acquired using Gaussian random field (GRF) theory (min z > 2.807, cluster significance: P < .005).
Functional Data Preprocessing
Data Processing Assistant for Resting-State fMRI 43 was used to preprocess functional data in Matlab. Participants should have no more than 2 mm of maximal translation of x, y, or z and 2° of maximal rotation after the correction of slice timing and head movement. The obtained scans were spatially normalized to the standard Montreal Neurological Institute EPI template in SPM8 and resampled to 3 × 3 × 3 mm 3 . The images were then smoothed with an 8 mm FWHM Gaussian kernel, band-pass filtered (0.01-0.08 Hz), and linearly detrended. Several spurious covariates, along with their temporal derivatives, including 6 head motion parameters obtained by rigid body correction, signal from a ventricular region of interest, and signal from a region centered in the white matter, were removed from analyses with linear regression. 44, 45 However, the global signal was not removed in the present study because regressing out the global signal in preprocessing resting-state FC data would be controversial. 44, [46] [47] [48] 
GCA Processing
Based on the obtained anatomical data map, regions with decreased GMV were selected as seeds. The peak voxel of each seed was chosen as a 6 mm-radius sphere seed for GCA. Voxel-wise coefficient GCA was conducted in the whole brain using REST software. 49 Vector autoregressive models were used to estimate Granger causality to determine whether or not the past value of a time series can correctly forecast the present value of another. When the combination of the past value of the time series X and Y can estimate the current value of Y more accurately than the past value of Y alone, the time series X has causal effect on time series Y. Coefficient-based GCA assessed the Granger effect with coefficient β in vector autoregressive models. [37] [38] [39] [40] A positive value of β may imply excitatory effect or positive feedback, whereas a negative β may imply inhibitory effect or negative feedback. In the present study, we applied bivariate coefficient GCA to explore the causal effect between the seeds and other voxels of the whole brain. Each seed was examined by seed-to-whole-brain and whole-brain-to-seed analyses. The seed-to-whole-brain analysis was applied to estimate the driving effect (excitatory or inhibitory effects) from the seed to other voxels of the whole brain, whereas the whole-brain-to-seed analysis was used to estimate the feedback effect (positive or negative feedback) from the other voxels of the whole brain to the seed. Two-sample t tests were conducted on the causal effects between patients and controls with a GRF-corrected significance level of P < .005 (min z > 2.807, cluster significance: P < .005). Age and sex ratio were applied as covariates in the 2-sample t tests. The framewise displacement (FD) values for each participant was computed as described in a previous study. 50 The mean FD was also applied as a covariate in the group comparisons.
Correlation Analyses
To examine the correlations between altered GMV and causal effect or clinical variables, mean z values of GMV and causal effect were extracted from the seeds and brain regions with abnormal causal effect, respectively. After assessing the normality of the data, Pearson correlations were performed between these variables.
Results
Characteristics of Participants
The patients and controls have no significant differences in age, sex ratio, education level, and FD values (table 1) .
Anatomical Differences Between Groups
Compared with the controls, the patients showed significantly reduced GMV in the left medial PFC (MPFC), right ACC, left STG, left inferior temporal gyrus (ITG), left fusiform gyrus, and right lingual gyrus (supplementary figure S1 and table 2), which were selected as seeds for the subsequent GCA. No significantly increased GMV was found for the patients relative to the controls.
Voxel-wise GCA: Seed-to-Whole-Brain Analysis
As shown in supplementary figures S2-S6 and table 3, the driving effects from the left MPFC and the right ACC to the frontal, temporal, and parietal lobes, as well as the driving effects from the left fusiform gyrus to the occipital gyrus, were increased in patients compared with those in healthy controls. However, the driving effects from the right ACC to the cerebellum vermis 4, 5 decreased in patients. By contrast, the driving effects from the left ITG and left STG to the right middle frontal gyrus and left ITG decreased in patients.
Voxel-wise GCA: Whole-Brain-to-Seed Analysis
Between-group comparisons exhibited negative feedback from the bilateral middle occipital gyrus to the right ACC, from the left supramarginal gyrus and bilateral supplementary motor area to the left ITG, and from the right angular gyrus to the left fusiform gyrus. By contrast, the causal effects from the left cerebellum Crus I to the left ITG, as well as from the right ITG or left superior parietal gyrus to the right lingual gyrus increased in patients (supplementary figures S7-S10 and table 3).
Correlations Between Abnormal GMV, Causal Effects, and Clinical Variables in Patients
As shown in figure 2, negative correlations were found between the DUP and causal effect from the left supramarginal gyrus to the left ITG (r = −.308, P = .031) and between the PANSS negative/total score and causal effect from the left MPFC to the left middle temporal gyrus (MTG) in the patient group (r = −.314, P = .028; r = −.358, P = .012). Positive correlations were found between the DUP and PANSS negative score (r = .319, P = .025), between the mean GMV of the right ACC and the left MPFC (r = .321, P = .025), and between the mean GMV of the right ACC and causal effect from the right ACC to the right superior frontal gyrus (r = .332, P = .020) in patients. No correlation was found between The P values were obtained by 2-sample t tests. the GMV or causal effect of seeds and age or education level in the patient group.
Discussion
Based on the similar function and intimate connections between the thalamus and the limbic regions, as well as between the cerebellum and sensorimotor regi ons, 18, 22 ,24,51-53 we integrated our findings to the prefrontal-thalamic-cerebellar circuit as the prefrontal-thalamic (limbic)-cerebellar (sensorimotor) circuit to interpret our results clearly (figure 1b). The predominant finding of this study indicates that the causal connectivity of the integrated circuit is partly affected by structural deficits in first-episode, drug-naive schizophrenia. The main results include: (1) unilateral prefrontal-sensorimotor connectivity abnormalities (increased driving effect from the left MPFC to the sensorimotor regions), (2) bilateral limbicsensorimotor connectivity abnormalities (increased driving effect from the right ACC to the sensorimotor regions and decreased feedback from the sensorimotor regions to the right ACC), and (3) bilateral increased and decreased causal connectivities among the sensorimotor regions. We also observed certain correlations between the GMV of the seeds, along with their causal effect and clinical variables (DUP and PANSS scores) in patients, suggesting that GCA has important functional implications for the neurobiology of schizophrenia. The combination of increased driving effects from the left MPFC or right ACC to the sensorimotor regions and increased bilateral causal connectivities among the sensorimotor regions is the most remarkable finding of the present study, which appears inconsistent with our hypothesis and general consideration that schizophrenia has overall reduced FC at first glance (eg, see the reference 41). However, the present results provide supporting information for the neurondevelopmental model of schizophrenia. Significant differences of the prefrontal-thalamic-cerebellar circuit were observed between healthy children, adolescents, and adults by a seed-based FC study. 54 The connectivity of this circuit can represent an inverted U-curve with maximal connectivity in adolescents. Specifically, the prefrontal-thalamic connectivity is absent in healthy children. Our participants aged from 16 to 30 years, the developmental period from adolescents to adults. The development of the prefrontal-thalamic (limbic)-cerebellar (sensorimotor) circuit may be disrupted by schizophrenia in our patient group; the connectivity of this circuit may remain at a relatively high position of the inverted U-curve in the present patient group. Therefore, our patients can exhibit increased connectivity of the prefrontal-thalamic (limbic)-cerebellar (sensorimotor) circuit. However, a precise time-point of developmental changes is difficult to determine because of limited evidence from a single cross-sectional study. Interestingly, the causal connectivity between the PFC and the thalamic or limbic regions is unaffected in our patient group. Considering that prefrontal-thalamic connectivity is absent in healthy children and increases with age in healthy adolescents, the prefrontal-thalamic connectivity develops from childhood to adolescence and reaches the adult level in healthy adolescents. 54 Developmental disruption by schizophrenia can occur after the prefrontal-thalamic connectivity fully matured in our patient group. However, the correlation between age and prefrontal-thalamic connectivity is not present in our sample of patients, which seems inconsistent with the findings from healthy subjects (including healthy children, adolescents, and adults). 54 The inconsistency may be due to the homogeneity of our sample of patients with the age range from 16 to 30 years. The prefrontal-thalamic connectivity of our sample of patients may reach at a relatively high position of the inverted U-curve suggested by the previous study. 54 Therefore, the combination of only including adult patients and concentration of prefrontal-thalamic connectivity contributes to the result of no correlation observed between age and prefrontal-thalamic connectivity in our sample of patients.
The increased causal connectivity is also informed when considering the physiological meaning of FC. Previously, increased FC is commonly explained as compensatory reallocation or dedifferentiation. [55] [56] [57] From this viewpoint, we speculated that increased causal connectivity may be a compensatory effort for structural deficits. Both the left MPFC and the right ACC exhibited increased driving connectivity with the sensorimotor regions. In addition, a positive correlation was observed between the mean GMV of the left MPFC and the right ACC, indicating that the 2 regions may coactivate with each other to reinforce the connectivity caused by structural deficits.
Our findings are comparable with the results of Woodward et al 7 , which revealed decreased prefrontalthalamic connectivity and increased thalamic-sensorimotor connectivity in chronic, medicated schizophrenia patients using 6 regions as seeds: PFC, motor cortex or supplementary motor area, somatosensory cortex, temporal lobe, posterior parietal cortex, and occipital lobe. Although the 2 studies can not be compared directly, we found that the prefrontal-thalamic connectivity decreased with illness duration. Previously, functional abnormalities in frontoparietal connectivity normalize after the patients achieve clinical remission from antipsychotic treatment, 34 suggesting that medication is not attributed to the abnormal FC in schizophrenia. Therefore, the 2 studies indicate that progressively decreased prefrontalthalamic connectivity may be a chronic characteristic of the prolonged illness duration in schizophrenia.
A negative correlation was found between the DUP and negative feedback from the left supramarginal gyrus to the left ITG, indicating that a longer DUP in patients will reflect a lower negative feedback from the left supramarginal gyrus to the left ITG. The supramarginal gyrus is a portion of the parietal lobe that promotes language perception and processing. Prolonged DUP may have a destructive effect on the feedback from the left supramarginal gyrus to the left ITG. Negative correlations were also observed between the PANSS negative/total score and the increased driving connectivity from the left MPFC to the left MTG in patients. Increased frontal connectivity is previously reported to be negatively correlated with the severity of negative symptoms in schizophrenia. 58 Consistent with this study 58 and the general notion that negative symptoms indicate poor treatment outcome, these correlations revealed that a greater PANSS negative/total score reflects a lower driving connectivity from the left MPFC to the left MTG. A positive correlation was also found between the DUP and PANSS negative score. Therefore, our correlation results are significant for the core symptoms in schizophrenia.
Interestingly, the cerebellum is recruited to participate in abnormal connectivities in the present study, which has a positive feedback to the left ITG and a negative feedback to the right ACC. The cerebellum has long been considered to promote motor coordination. This notion has been challenged by the fact that the cerebellum functions in more extensive deficits. 8, 21, 59, 60 In the present study, the cerebellum may provide feedback through the prefrontal-thalamic-cerebellar circuit. As supporting information of this circuit, decreased blood flow was observed in the frontal-thalamic-cerebellar regions in schizophrenia. 2 The present study has certain limitations. First, the current report is a cross-sectional study. Whether or not the abnormalities of the prefrontal-thalamic (limbic)-cerebellar (sensorimotor) circuit are altered by illness duration and medication remains unknown. A longitudinal investigation is needed to understand the abnormal trajectories of the prefrontal-thalamic (limbic)-cerebellar (sensorimotor) circuit in schizophrenia. Second, neuropsychological assessment was not conducted in the present study. Thus, the relationship between the causal effect and neuropsychological parameters was not determined. Finally, the present results were acquired at rest. Hence, we can only deduce that the causal effect in schizophrenia in the present study is related to the general pathophysiology of schizophrenia but not with a particular pattern of task or activity.
Despite the limitations, the present study is the first to examine causal connectivity caused by structural deficits in schizophrenia at rest. The findings establish partial effects of structural deficits in first-episode, drug-naive schizophrenia on the prefrontal-thalamic (limbic)-cerebellar (sensorimotor) circuit. Schizophrenia may reinforce the driving connectivities from the left MPFC or right ACC to the sensorimotor regions and may disrupt bilateral causal connectivities among the sensorimotor regions.
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